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UDP-GlcNAcUridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) donates GlcNAc for various glycans and
glycoconjugates. We previously found that GlcNAc supplementation increases the UDP-GlcNAc
content in Arabidopsis; however, the metabolic pathway was undefined. Here, we show that the
homolog of human GlcNAc kinase (GNK) is conserved in land plants. Enzymatic assays of the
Arabidopsis homologous protein (AtGNK) revealed kinase activity that was highly specific for
GlcNAc. We also demonstrate the role of AtGNK in plants by using its knockout mutant, which
presents lower UDP-GlcNAc contents and is insensitive to GlcNAc supplementation. Moreover, our
results demonstrate the presence of a GlcNAc salvage pathway in plants.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In eukaryotes, a wide variety of physiologically important gly-
cans and glycoconjugates (e.g., cell wall chitin, extracellular matrix
polymers, most secreted glycoproteins, and certain cytosolic or
nucleic proteins) contain an N-acetylglucosamine (GlcNAc) moiety
that is derived from uridine diphosphate (UDP)-GlcNAc [1–3].
UDP-GlcNAc is synthesized de novo from a glycolytic intermediate
(fructose-6-phosphate; Fru-6P). Through transamination, acetyla-
tion, and conversion of phosphate, UDP-GlcNAc is formed by the
conversion of GlcNAc-1-phosphate (GlcNAc-1P) and uridine
triphosphate [4].
In some eukaryotes, UDP-GlcNAc is synthesized through the
salvage pathway that originates from a degradant of glycans or gly-
coconjugates. Rodents and humans produce N-acetylglucosamine
kinase (GNK), which phosphorylates GlcNAc and leads to the inter-
mediate GlcNAc-6-phosphate (GlcNAc-6P) in the pathway for de
novo UDP-GlcNAc synthesis [5–8]. In addition, the fungal pathogen
Candida albicans, which can utilize GlcNAc as a carbon source for
growth, has been reported to produce a GlcNAc kinase [9].However, the presence of the salvage pathway in plants had not
been experimentally demonstrated [10].
We previously isolated a temperature-sensitive Arabidopsis
mutant (lig) that presents a mutation of glucosamine-6-
phosphate acetyltransferase (GNA), which is an enzyme required
for de novo UDP-GlcNAc synthesis [11]. The lig mutant shows a
temperature-dependent growth defect that produces aberrant
lignin deposition, which is mostly because of the shortage of
UDP-GlcNAc. Through a complementation analysis of the lig
mutant, we found that GlcNAc supplementation can markedly
increase the UDP-GlcNAc content in both wild-type plants and
the lig mutant.
Here, we show that the homologous proteins of the human GNK
are widely distributed in plant species, and we verified the GlcNAc
kinase activity of the recombinant Arabidopsis protein. We further
show the significance of the GlcNAc kinase activity for UDP-GlcNAc
synthesis in plants using a knockout mutant. These results indicate
the presence of a GlcNAc salvage pathway for UDP-GlcNAc synthe-
sis that has not been previously demonstrated in plants.
2. Materials and methods
2.1. Preparation of recombinant proteins
DNA fragments of the coding region of AtGNK (At1g30540) (+4 to
+1056) were amplified through PCR using cDNA generated from
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described [11]. The DNA fragments were then cloned into the
BamHI site of the pQE30 vector (Qiagen) to construct plasmids
for the production of the His-tagged AtGNK protein, which was
performed using an In-Fusion HD Cloning kit (Clontech). The cod-
ing region of human GNK (HsGNK; +4 to +1035) was amplified from
cDNA obtained from the RIKEN BioResource Center (Clone ID:
IRAL005B02), and it was cloned into the pQE30 vector using the
same method applied for AtGNK. These plasmids were transfected
into Escherichia coli M15. The transformed bacterial cells were
grown until the OD600 value reached 0.6, and the cultures were
then supplemented with 1 mM isopropyl-ß-D-thiogalactoside and
incubated for another 9 h at 18 C. The cultured cells were har-
vested and resuspended in an equilibration/wash buffer (pH 7.0)
containing 50 mM sodium phosphate and 300 mM NaCl. After
incubation with 0.75 mg/mL lysozyme at 4 C for 20 min, the cells
were disrupted by an ultrasonic treatment. The cell lysates were
centrifuged at 12,000g for 20 min at 4 C. The His-tagged recom-
binant proteins were purified from the supernatant using TALON
Metal Affinity Resin (Clontech) column chromatography. The pur-
ity of the recombinant proteins was verified by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS–PAGE).
2.2. Coupled enzyme ATPase assay
The GlcNAc kinase activity of AtGNK and HsGNK were assessed
using a coupled enzyme assay according to the methods of [12]
with some modifications. Enzymatic reactions were performed in
100 lL of a reaction mixture containing 100 mM Tris–HCl, pH
7.5, 10 mM MgCl2, 4 mM ATP, 2 mM GlcNAc, 0.2 mM NADH,
1 mM phosphoenol pyruvate, 10 units of pyruvate kinase (Oriental
yeast), 7 units of lactate dehydrogenase (Oriental yeast), and puri-
fied 1.6 lg recombinant AtGNK or 0.22 lg recombinant HsGNK
protein. The reaction mixture was mixed on ice and then incubated
at 25 C for 3 min. Changes in NADH absorbance were monitored at
340 nm using a spectrophotometer (DU530; Beckman).
2.3. Enzymatic reaction products as determined by HPLC
The products of the enzymatic reactions were analyzed by high-
performance liquid chromatography (HPLC). The enzymatic reac-
tions were performed in 25 lL of a reaction mixture containing
100 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 4 mM ATP, 2 mM GlcNAc,
and purified 12.8 lg recombinant AtGNK at 25 C for 30 min. A
total of 20 lL reaction mixture was fractionated by gradient HPLC
at 40 C on an anion exchange column (Partisil-10 SAX,
4.6  250 mm; GL Science) with a HPLC system (1525 Binary HPLC
Pump; 2998 Photodiode Array Detector; 1500 Series Column
Heater; Empower 3 software; Waters) using a mixture of solvent
A (5 mM KH2PO4, pH 4.2) and solvent B (0.6 M KH2PO4, pH 4.7).
The gradient condition was 0–100% B (exponential gradient condi-
tion No. 7 of EmpowerTM 3 software) for 10 min, 100% B for 5 min,
and then 0% B for 10 min for reequilibration. The solvent flow rates
were 2 mL/min. The eluate was monitored by its absorbance at
200 nm. The peaks of GlcNAc-6P and GlcNAc-1P in the reaction
products were identified by the retention times detected by the
absorbance at 200 nm during the HPLC analysis of authentic
samples.
2.4. Substrate specificity of recombinant AtGNK and HsGNK proteins
The substrate specificity was assessed by a coupled enzyme
ATPase assay as described above. A total of 100 lL of a reaction
mixture containing 100 mM Tris–HCl, pH 7.5, 10 mM MgCl2,
4 mM ATP, 0.2 mM NADH, 1 mM phosphoenol pyruvate, 10 unitsof pyruvate kinase (Oriental yeast), 7 units of lactate dehydroge-
nase (Oriental yeast), and purified 3.2 lg recombinant protein
were incubated with various substrates (GlcNAc, glucose, ManNAc,
mannose, GalNAc, galactose, glucosamine) at the indicated concen-
trations. The reaction mixtures were incubated at 25 C, and
changes in the absorbance at 340 nm were monitored. The kinetic
parameters were evaluated by fitting the experimental data to the
Michaelis–Menten equation with a non-linear regression. The
kinetic values for ATP were assessed at 2 mM GlcNAc.
2.5. Plant materials and growth conditions
The Columbia strain of Arabidopsis was used as the wild type.
The T-DNA insertion line GK-030B05 (atgnk) of the Columbia origin
was obtained from the Nottingham Arabidopsis Stock Centre
(NASC). The DNA insertion site and genotype of this line was con-
firmed by genomic PCR analysis using AtGNK specific primers
(AtGNK-F and AtGNK-R) and a T-DNA left border primer (Table S1).
The seedlings were aseptically and vertically grown on germi-
nation medium solidified agar (GMA) under continuous light
(53–56 lmol/m2/s) at 22 C. The GMA was Murashige and Skoog
medium [13] that was supplemented with 10 g/L sucrose, buffered
to pH 5.7 with 0.5 g/L 2-morpholinoethanesulfonic acid, and solid-
ified with 15 g/L agar. For the treatment with GlcNAc, the seedlings
were cultured on GMA that contained this reagent.
2.6. Reverse-transcription PCR analysis of gene expression
Total RNA was isolated from seedlings as described [14], treated
with DNase I (Takara), and then reverse transcribed with Super-
Script II Reverse Transcriptase (Invitrogen). First-strand cDNA
was used as a template for the PCR amplification of the cDNA frag-
ments. The PCR reactions were performed using One Taq Hot Start
DNA Polymerase (NEB) with gene-specific primers (AtGNK-F,
AtGNK-R, AtACT2-F, and AtACT2-R) (Table S1). The first denatura-
tion occurred at 95 C for 4 min, and denaturation occurred at 94 C
for 30 s, annealing occurred at 55 C for 30 s, elongation occurred
at 68 C for 30 s for 24 cycles (AtACT2) or 28 cycles (AtGNK), and
a final elongation occurred at 68 C for 5 min. The PCR products
were electrophoresed on agarose-ME (Nacalai Tesque) with 2%
gel, and the gels were stained with GelRed (Biotium).
2.7. UDP-GlcNAc and UDP-GalNAc in plants
The HPLC analysis of the nucleotide sugars was performed
according to the method of [11] with modifications. The roots of
the seedlings (11–19 mg) were used in the analysis. After extrac-
tion and purification of the nucleotide sugars, the lyophilized sam-
ple was dissolved in 120 lL distilled water, and a 20 lL aliquot was
fractionated by gradient HPLC on an anion exchange column
(Partisil-10 SAX, 4.6  250 mm; GL Science) using an HPLC system
(1525 Binary HPLC Pump; 2998 Photodiode Array Detector; 1500
Series Column Heater; EmpowerTM 3 software; Waters).
3. Results
3.1. Plants contain human GlcNAc kinase homologous proteins
Using a BLAST search for the HsGNK protein, we identified
homologous proteins from land plant species such as Arabidopsis
thaliana, Oryza sativa, Picea sitchensis, Selaginella moellendorffii,
and Physcomitrella patens (Table 1). Notably, the GlcNAc binding
residues of the HsGNK protein were determined by the crystal
structure of HsGNK in complex with GlcNAc [15], and they were
highly conserved among these proteins (Fig. S1). In this study,
Table 1
Homologous proteins of HsGNK in plant species.
Species Accession No. Length (aa) Subject sequence (aa) Identities (%) Positives (%)
Arabidopsis thaliana At1g30540 351 62–316 27 43
Oryza sativa NP_001062632 347 50–281 26 45
Picea sitchensis ABK22071 387 28–309 26 45
Selaginella moellendorffii XP_002993753 348 20–286 26 43
Physcomitrella patens XP_001757099 361 38–317 24 44
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samine kinase (GNK), and we characterized its enzymatic and
physiological functions in the following experiments.
3.2. Recombinant AtGNK shows GlcNAc kinase activity
To examine the kinase activity of the AtGNK protein, we synthe-
sized the His-tagged recombinant AtGNK protein in E. coli and
assessed the enzymatic activity in vitro. We were able to collect
a sufficient amount of the purified recombinant AtGNK proteins
by using the TALON Metal Affinity Resin (Fig. 1A). His-tagged
HsGNK was also synthesized using the same method to assess
the validity of our kinase activity assays.
The GlcNAc kinase activities of recombinant AtGNK and HsGNK
were examined using a coupled enzyme ATPase assay in which the
formation of ADP was stoichiometrically coupled to NADH oxida-
tion by pyruvate kinase and lactate dehydrogenase [12] (Fig. 1B).
This assay showed apparent GlcNAc kinase activity for
recombinant AtGNK and HsGNK proteins, whereas the control
sample prepared from the empty-vector transformed E. coli did
not show this activity (Fig. 1C).
To further investigate the GlcNAc kinase activity of AtGNK pro-
teins, we incubated the recombinant protein with GlcNAc and ATP
and measured the reaction product by HPLC analysis. After incuba-
tion for 30 min at 25 C, GlcNAc-6P and ADP were detected in theFig. 1. Synthesis of recombinant AtGNK proteins and their GlcNAc kinase activity. (A) Pu
M15 were separated by SDS–PAGE and stained with Coomassie Brilliant Blue. (B) Scheme
converting phosphoenolpyruvate (PEP) to pyruvate. This reaction is followed by the con
NADH oxidation to NAD+. (C) GlcNAc kinase activity of purified recombinant AtGNK (1.6
assays at 25 C was monitored by assaying the absorption at 340 nm.reaction product and the content of GlcNAc and ATP was signifi-
cantly decreased (Fig. 2). These results show that AtGNK presents
GlcNAc kinase activity that produces GlcNAc-6P from GlcNAc and
ATP.
3.3. Substrate specificity of recombinant AtGNK
Subsequently, we determined the kinetic parameters for several
hexose substrates of the recombinant AtGNK and HsGNK proteins.
The kinetic parameters were obtained by coupled enzyme ATPase
assays (Fig. S2) and are summarized in Table 2. Both AtGNK and
HsGNK showed the highest kcat/Km values for GlcNAc at 94.77
and 321.6, respectively. AtGNK showed a comparatively higher
affinity (lower Km value) for GalNAc, although the maximum
enzyme velocity (Vmax) value was extremely low; therefore, the
kcat/Km value for GalNAc was more than 100 times lower than that
for GlcNAc. The kcat/Km values for glucose, ManNAc, mannose,
galactose, and glucosamine in AtGNK were also low or could not
be detected, which is consistent with HsGNK. These data show that
the AtGNK protein has high specificity for GlcNAc.
3.4. Effects of the AtGNK knockout on the UDP-GlcNAc content
Finally, to investigate the function of AtGNK for UDP-GlcNAc
synthesis in plants, we analyzed the effect of the AtGNK generified recombinant AtGNK and HsGNK proteins. The proteins overproduced in E. coli
s of the coupled enzyme ATPase assay. In this assay, ATP is regenerated from ADP by
version of pyruvate to lactate. The kinase activity can be monitored by quantifying
lg) and HsGNK (0.28 lg) proteins. NADH oxidation in the coupled enzyme ATPase
Fig. 2. HPLC analysis of recombinant AtGNK reaction products. Authentic standards
(2 mM each) (A) and reaction products of empty-vector control (B) or recombinant
AtGNK (C) were separated by HPLC. 1: GlcNAc (1.75 min), 2: GlcNAc-1P (4.93 min),
3: GlcNAc-6P (5.38 min), 4: ADP (9.35 min), 5: ATP (13.86 min). a: background peak
1 (1.55 min); b: background peak 2 (5.25 min).
Table 2
Substrate specificity of recombinant AtGNK and HsGNK.
Km (mM) Vmax
(lmol/min/mg)
kcat
(1/s)
kcat/Km
(1/s/mM)
AtGNK
GlcNAc 0.046 6.992 4.347 94.77
GalNAc 0.268 0.258 0.161 0.600
Glucose 55.56 10.76 6.690 0.120
ManNAc n.d. n.d. n.d. n.d.
Mannose n.d. n.d. n.d. n.d.
Galactose – – – –
Glucosamine – – – –
ATP 0.152 5.892 1.586 10.49
HsGNK
GlcNAc 0.130 66.05 41.91 321.6
GalNAc – – – –
Glucose 582.9 27.34 17.35 0.030
ManNAc 1130 52.18 33.11 0.029
Mannose 115.7 11.89 7.544 0.065
Galactose – – – –
Glucosamine 304.4 14.24 9.035 0.030
ATP 0.032 32.16 20.40 646.7
n.d.: not determined because of low activities.
–: not detected activities.
Fig. 3. Effects of the AtGNK knockout on UDP-GlcNAc and UDP-GalNAc synthesis.
(A) Schematic representation of the AtGNK coding region and T-DNA insertion site.
The boxes and lines indicate exons and introns, respectively. (B) RT-PCR analysis of
AtGNK expression in the wild type (Col) and atgnk mutant. Total RNA was prepared
from the seedlings grown for 7 d. The amplification of AtACT2 is shown as a loading
control. (C) UDP-GlcNAc and UDP-GalNAc content in the wild type (Col) and atgnk
mutant. Nucleotide sugars were extracted from the root tissues of the seedlings
grown on GMA with or without 10 lM GlcNAc for 14 d and analyzed by HPLC. The
data represent the mean and SD values for two biological replicates. Different
symbols indicate groups significantly different by Tukey’s multiple comparison test
(P < 0.05).
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(GK-030B05; referred to as atgnk) was obtained from the NASC
(Fig. 3A). A defect in the expression of AtGNK was confirmed by
RT-PCR analysis (Fig. 3B). The UDP-GlcNAc content of atgnk was
four times lower than that of the wild type (Fig. 3C). Furthermore,
GlcNAc supplementation did not affect the UDP-GlcNAc and
UDP-GalNAc contents in the atgnk mutant relative to that of the
wild type, which showed a notable increase of UDP-GlcNAc and
UDP-GalNAc contents (Fig. 3C). These results reveal that AtGNK
plays an important role in UDP-GlcNAc synthesis in Arabidopsis.
4. Discussion
A previous analysis of the lig mutant showed that Arabidopsis
can use GlcNAc for UDP-GlcNAc synthesis independent of GNA
activity, which indicates the presence of the GlcNAc salvage path-
way in Arabidopsis [11]. Here, we found the homologous protein of
HsGNK in Arabidopsis and confirmed that GlcNAc kinase activity
occurs and demonstrated the GlcNAc specificity through enzy-
matic assays of recombinant AtGNK. In addition, the AtGNK knock-
out mutant showed lower UDP-GlcNAc contents and an
insensitivity for GlcNAc supplementation. These results suggest
that the phosphorylation of GlcNAc by GNK constitutes a GlcNAc
salvage pathway for UDP-GlcNAc synthesis in Arabidopsis (Fig. 4).
The homologous proteins of HsGNK are widely distributed
among land plant species and most of the amino acids that
required for GlcNAc binding are conserved, which suggests the
conservation of the GlcNAc salvage pathway in plant species. Both
AtGNK and HsGNK showed a high kcat/Km value for GlcNAc,
although the Km and Vmax values of these proteins were different.
Notably, Asn130 of HsGNK, which forms an H-bond to the O4 of
the hydroxyl group of GlcNAc [15], is substituted to Ile in
Arabidopsis as well as in other plant GNKs. This residue could be
an important factor in the different kinetic features of GlcNAc.
Fig. 4. Schemes of UDP-GlcNAc biosynthesis in Arabidopsis. The pathway of de novo
UDP-GlcNAc synthesis originates from Fru-6P, a glycolytic intermediate.
L-Glutamine D-fructose-6-phosphate amidotransferase (GFAT), GNA1, and N-acetyl-
glucosamine-1-phosphate uridylyltransferase (GlcNAc1pUT) are involved in this
pathway [18–20]. GNK phosphorylates GlcNAc and produces GlcNAc-6P, an
intermediate of the de novo pathway. UDP-GlcNAc is efficiently synthesized from
these de novo and salvage pathways. UDP-GalNAc is also synthesized from GlcNAc,
presumably through epimerization activity.
3262 K. Furo et al. / FEBS Letters 589 (2015) 3258–3262In C. albicans, a type of hexokinase, CaNAG5, was reported to
function as a GlcNAc kinase [9]. CaNAG5 shows homology with
the Arabidopsis hexokinase family proteins, such as HXK1, HXK2,
HXK3, HKL1, and HKL2, but not with AtGNK, although these
proteins are all members of the sugar kinase/Hsp70/actin super
family, which is characterized by a common ATPase domain.
Although the GlcNAc kinase activities promoted by these hexoki-
nases are uncharacterized, the results for the atgnkmutant supple-
mented with GlcNAc indicate that these hexokinases provide a
limited contribution to the synthesis of UDP-GlcNAc through the
salvage pathway in Arabidopsis.
An AtGNK gene knockout had an effect on the UDP-GalNAc
content, especially in the GlcNAc supplemented condition,
suggesting that UDP-GalNAc is also synthesized from GlcNAc.
Interestingly, the ratio of UDP-GlcNAc/UDP-GalNAc was signifi-
cantly altered in the atgnk mutant compared with that of the
wild-type plant. Note that the ratio of UDP-GlcNAc/
UDP-GalNAc was maintained in the wild-type plant, which was
supplied with GlcNAc or GalNAc, as well as in the lig mutant
[11]. Although the exact enzyme(s) responsible for the epimer-
ization have not been defined in plants, AtGNK might play a role
in controlling epimerization activity.
In plants, defects in the enzymes involved in de novo UDP-
GlcNAc synthesis severely impact growth and development
[11,16,17]. We demonstrated the significant function of AtGNK
for UDP-GlcNAc synthesis; however, we did not observe morpho-
logical changes or growth defects in the atgnk mutant compared
with the wild type, which was most likely because of a sufficient
supply of UDP-GlcNAc from the de novo synthesis pathway under
our growth conditions. The atgnk mutant together with the partial
restriction of de novo UDP-GlcNAc synthesis, which occurred by
changing the growth conditions or utilizing the lig mutation, will
provide insight into the physiological significance of the GlcNAc
salvage pathway.
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